We consider nanoparticles and functionalized copolymers, block copolymers with attached end groups possessing a specific affinity for nanoparticles, in solution. Using molecular dynamics, we show that nanoparticles are able to direct the self-assembly of the polymer/ nanoparticle composite. We perform a detailed study for a wide range of nanoparticle sizes and concentrations. We show that the nanoparticles order in a number of distinct phases: simple cubic, layered hexagonal, hexagonal columnar, gyroid, and a novel square columnar. Our results show that nanoparticles ordered with functionalized block copolymers can provide a simple and efficient tool for assembling novel materials with nanometer scale resolution. B lock copolymers in solutions or melts are known to self-assemble into mesophases with one-, two-, or threedimensional periodic order with typical repeating distances in the 10Ϫ200 nm range.
In solutions, the self-assembly of the different phases can be controlled by tuning external conditions such as pH or temperature. The wide availability and relatively inexpensive synthesis of block copolymers as well as the ability to exquisitely control so many diverse phases with periodic order make them compelling candidates for the building blocks of novel materials. Thin films of block copolymers can provide "bottom-up" templates for fabrication of devices on sub-30-nm length scales that are inaccessible to standard lithography techniques, opening the door for molecular size electronic components and ultrahigh density magnetic storage media. Applications include growth of nanowires 3, 4 and nanocrystals used in devices such as flash memory, 5 metal-oxidesemiconductor capacitors, 6, 7 arrays of quantum dots, 8, 9 and photonic crystals. 10 For most applications, the proposed fabrication process consists of forming a thin copolymer film on a substrate, which is then chemically treated to remove one of the copolymer components. The remaining component is used as a mask for growing the active component. It would be even more desirable to include the active component (e.g., metallic or silica nanoparticles) from the outset and form the desired structure in a single pass. Direct application of this method is limited mainly due to nanoparticle aggregation and incompatibility of nanoparticle surface and ionic solutions with the polymers. 11 These problems can be circumvented by the use of self-assembling functionalized block copolymers, that is, polymers with covalently attached end groups that show specific affinity for nanoparticles, as agents for assembling ordered nanoparticle structures. 12, 13 The theoretical understanding of the factors that lead to a successful self-assembly of nanocomposites is relatively limited. Recent studies include investigations of the influence of nanoparticles on the selfassembly and nanostructure formation of diblock copolymer melts based on solving cell dynamical system equations, 14 Monte Carlo simulations, 15 and self-consistent mean field/density functional theory. 16, 17 Zhang et al. 18 used Brownian dynamics simulations to study the self-assembly of nanoparticles functionalized with oligomeric tethers attached to specific locations on the nanoparticle surface. It is therefore of importance to develop a general framework for predicting how to organize ordered nanoparticle structures. Particularly appealing are bicontinuous triply periodic structures, as they offer optimal topological designs for the maximization of multiple transport properties. 19 
RESULTS AND DISCUSSION
In this contribution, we explore under what conditions functionalized triblock *Address correspondence to sknepnek@ameslab.gov. copolymers can be used to successfully assemble ordered nanostructures. Our study is based on the minimal model of functionalized polymers and nanoparticles first introduced in ref 20 , now extended to investigate nanoparticle size and shape. The details of the model are summarized in Figure 1 . Depending on the nanoparticle concentration, size, and shape, we find a number of two-and three-dimensional ordered structures with distinct nanoparticle ordering: (1) simple cubic, (2) layered hexagonal, (3) hexagonal columnar, (4) gyroid, and (5) square columnar.
We model ( Figure 1 ) the copolymer as a fully flexible harmonic chain of 12 hydrophilic (A) and seven hydrophobic (B) segments of mass m and diameter arranged as ÃA 5 B 7 A 5 Ã (bead-spring model). Ã designates two functional end groups which have specific affinity for the nanoparticles; otherwise, segments Ã are identical to segments A. Each segment represents Ϸ10 monomers of a real copolymer. Nanoparticles are modeled as a cluster of N np spherical subunits connected with harmonic springs and arranged to minimize Lennard-Jones binding energy. 21 Effects of the solvent are treated implicitly by modifying the interaction between monomers and nanoparticles.
We investigate the phase diagram as a function of nanoparticle affinity ε N and packing fraction
where n is the number of nanoparticles, p is the number of copolymers, N poly ϭ 19 is the number of segments in each copolymer chain, and L is the length of the simulation box. The relative nanoparticle concentration is
We first describe the phase diagram for the smallest nanoparticle size studied, N np ϭ 13, with an average diameter d np ϭ 1.2R g , where R g Ϸ 2.3 is the average radius of gyration of a single copolymer chain. Figure 2 shows the phase diagrams for three relative concentrations of nanoparticles: c ϭ 0.10 (a), 0.18 (b), and 0.23 (c) over a range of packing fractions and nanoparticle affinities. For comparison, below each figure, we show the phase diagram of a A 6 B 7 A 6 copolymer system without nanoparticles. Phase boundaries are indicated for clarity only, and the details of the phase diagram calculations are given in the Supporting Information. For low packing fractions Շ 0.2, no ordering is observed. Polymers form micelles with average aggregation numbers of 10Ϫ12 that are in a liquid state. Nanoparticles are unaffected by the polymer and freely diffuse. At weak nanoparticle affinities ( N ), and as the packing fraction increases, micelles grow in size and solidify in the shape of bent cylinders. Nanoparticles are randomly dispersed without any long-range ordering. We denote this phase as "polydisperse disordered cylinders".
For packing fraction տ 0.2 and nanoparticle affinity N /k B T տ 1.0, the system develops two-dimensional order, a square columnar phase (Figure 3 ). Cylindrical micelles traverse the entire simulation box, and nanoparticles arrange in columns parallel to the micelles. www.acsnano.org
Two interpenetrating square "line-lattices" with equal lattice constants, a Ϸ 9.5 Ϸ 4.1R g , are formed. Diffusion is completely suppressed, nanoparticles are welllocalized in space, and nanoparticle ordering is successful. In Figure 3a , we show a snapshot of the simulation box perpendicular to the line order emphasizing the square alignment. The square columnar phase is somewhat similar to the ADC phase observed in the lattice Monte Carlo study of the stabilization of ordered bicontinuous phases in diblock copolymer systems. 23 In the "cylindrical mix" region, the square columnar order dissolves in favor of a disordered layered structure formed of cylindrical micelles and nanoparticles stacked in distorted columns, resulting in a failure to form an ordered long-range structure.
As the relative concentration of nanoparticles increases (Figure 2b ,c), the square columnar phase is suppressed. At moderate packing fractions, two distinct hexagonal phases emerge. Hexagonal columnar (Figure 3b ) is a two-dimensional structure much like the square columnar phase. Cylindrical micelles order in a hexagonal line-lattice with a lattice constant a Ϸ 11.5 Ϸ 5.0R g , around 20% larger than the lattice constant of the square columnar phase. The nanoparticles fill in the space between the micellar cylinders, forming a honeycomb-like structure. Both hexagonal and square columnar structures are slightly distorted in the cubic box because their periodic repeat length is not an exact multiple of the box length and thus there is no artificial preference in the system. The issue of the appropriate box size is extensively discussed in ref 22 .
The layered hexagonal phase ( Figure 4 ) exhibits three-dimensional order. Spherical micelles form a simple hexagonal lattice, while nanoparticles arrange in perforated layers located between the micellar planes. The resulting structure resembles that of CaCu 5 , with the important difference that there are no nanoparticles in the layer occupied by micelles.
For large packing fractions, the system orders into a gyroid phase ( Figure 6 ). The polymer forms a centrosymmetric gyroid, imposing the same order onto the nanoparticles. Both gyroids possess the Ia3 d space group symmetry, 25 as confirmed by the structure factor calculation ( Figure 7 ) for nanoparticles and hydrophobic segments.
If the nanoparticle size is increased to N np ϭ 55 (nearly spherical, d np ϭ 2.1R g ) and N np ϭ 75 (slightly oblong largest available Lennard-Jones cluster, 21 d np ϭ Our results show that functionalized copolymers can be successfully used to assemble ordered structures of nanoparticles. Although the order will be mainly dictated by the polymer subsystem, the nanoparticles are not silent observers but direct the process of structure formation, either by stabilizing the polymer order (in the case of the gyroid phase) or by significantly rearranging micelles (in the case of square columnar phase).
To clarify the origin of the two-dimensional ordered structures, square columnar and cylindrical hexagonal, we resort to an analogy with the packing problem of two size disks, extensively studied in discrete mathematics. 26, 27 For comparison, packing of two size disks with the closest resemblance to the structures observed in our simulations are shown in Figure 3c ,d. Optimal packing depends on the relative concentration and size ratio of two disks. Dependence on the relative concentration is apparent in transition from Figure 2a to Figure 2b to Figure 2c . As the relative number of nanoparticles increases, the square columnar phase is replaced with the cylindrical hexagonal and layered hexagonal, depending on packing fraction and nanoparticle affinity. The ratio between nanoparticle radius and the radius of a micellar cylinder plays the role of the relative size of two disks. For example, in the case shown in Figure 3a , the nanoparticle (micelle) diameter is d np ϭ 1.2R g ( d mic Ϸ 4.5R g ), with the size ratio Ϸ0.27, roughly one-half of the size ratio for disks shown in Figure 3c . At a quantitative level, the analogy be- tween the optimal packing of disks and nanoparticle ordering must be taken with some caution, as the functional polymer end groups provide a favorable energy for nanoparticles, which goes beyond the hard disk interactions assumed in the optimal disk packing. Effects of nanoparticle affinity become even more important as the nanoparticle size is increased. More functional end groups can simultaneously attach to a single nanoparticle, effectively increasing the attractive interaction. This effect is most prominent in the case of cubic structures. A cubic lattice has low density and coordination compared to close packed structures, and its formation depends intricately on the details of the interaction potential. 30 For large packing fractions and nanoparticle affinities, we find a gyroid phase. Transition to the gyroid phase can be explained as follows. With an increase in density, micelles start to merge as hydrophobic segments tend to minimize contact with the solvent. The system also prefers to minimize surface tension of the layer connecting hydrophobic and hydrophilic segments, which can be achieved by reducing the curvature of the contact surface. As a result a minimal surface-a gyroidforms. A somewhat similar scenario has been reported for selective nanoparticles in diblock melts. 31 Nanoparticles fill the space surrounding the micellar gyroid, forming a complementary gyroid structure. It, however, appears that nanoparticles help stabilize gyroid order since even significantly smaller nanoparticles ( N np ϭ 1, d np ϭ 0.4R g ) 20 than those considered here notably extend the region of parameter space occupied by the gyroid phase. Using a minimal coarse grained model for nanoparticles in a solution of triblock copolymers with functionalized end groups, we have mapped the phase diagram over a wide range of nanoparticle sizes, concentrations, and packing fractions. We find a rich phase diagram with five phases containing distinct long-range nanoparticle order: (1) square columnar, (2) hexagonal columnar, (3) layered hexagonal, (4) cubic, and (5) gyroid. We showed that nanoparticle order can be controlled by changing relative size, concentration, and affinity between nanoparticles and copolymers.
A good candidate for the experimental realization of the proposed nanocomposite assembly strategy is, commercially available, Pluronic triblock copolymer. Functionalizing Pluronics by covalently attaching end groups with different chemical properties is a topic of intense research, and a number of successful attempts have already been made. For example, Pluronic F127 and the poly(2-diethylaminoethyl methacrylate), PDE-AEM, modified Pluronic F127 (PDEAEM 35 -F127-PDEAEM 35 ) 32 pentablock copolymers have been functionalized with 14 amino acid hydroxyapatite binding peptides and successfully used to template 5Ϫ10 nm calcium phosphate nanoparticles. 12, 13 Further, experiments with growing magnetite nanoparticles in an or- 25 Note that ͌14 is essentially indistinguishable from the noise. Figure 6. Gyroid phase. A view of a simulation snapshot for the system with 270 nanoparticles (N np ‫؍‬ 13, d np ‫؍‬ 1.2R g ) and  600 copolymers (c ‫؍‬ 0.25), nanoparticle affinity N /k B T ‫؍‬ 1.5, and packing fraction ‫؍‬ 0.35. Hydrophobic part (red) of copolymer chains from a centrosymmetric gyroid (a) ; for presentation purposes, we omit hydrophilic segments. Nanoparticles (orange) also form a gyroid with the same symmetry (b). The two gyroids interpenetrate each other (c). In the right-hand side figure, hydrophilic (blue) and terminal (white) segments are shown at a 50% radius. For clarity, the snapshots are created with the simulation box replicated two times in each direction. ganic matrix made of Pluronic F127 copolymer with covalently attached MMS6 protein, found in magnetotactic bacteria, 33 suggest that the morphology and alignment of the formed nanocrystals could be successfully controlled by the underlying organic matrix.
34,35

MODEL AND SIMULATION DETAILS
We use a generic triblock copolymer modeled with a beadspring model of N poly ϭ 19 segments arranged as ÃA 5 B 7 A 5 Ã. Segments (A) are hydrophilic while segments (B) are hydrophobic. Two terminal segment (Ã) are functionalized to show affinity for nanoparticles; otherwise, they are identical to the remaining segments of type A. This is, for example, a suitable coarse grained representation of a Pluronic polymer. In this model, each segment represents approximately 10 Kuhn monomers of a real polymer. Effects of the solvent are included implicitly through the effective nonbonding interactions. The nonbonded interactions are described as effective Lennard-Jones potentials. Following ref 24 , we choose
where . Each subunit is connected to its nearest neighbors such that the overall shape of the nanoparticle is preserved. The positions of subunits within a nanoparticle are chosen to form a minimum Lennard-Jones energy cluster of N np subunits. 21 Within each run, nanoparticles are monodisperse. Simulations are performed with three nanoparticle sizes, N np ϭ 13, 55, and 75 with the average diameter, d np ϭ 1.2R g , 2.1R g , and 2.5R g (along the longest axis), respectively. (R g Ϸ 2.3 is the average radius of gyration of a single copolymer chain calculated for parameter values of the full simulation, i.e.,
, r 0 ϭ 0.9, and reduced temperature T ϭ 1.2.) The first two sizes are chosen as they are are almost spherical, while the last one is the largest available Lennard-Jones cluster and is slightly oblong. Note that in our model nanoparticles are not rigid, and their average size fluctuates. These size fluctuations are very small (⌬d np ϰ ͌(2k B T/ k np ) Ϸ 0.08) and can be safely neglected.
Interaction between different nanoparticles is assumed to be repulsive and modeled as
Interaction between nanoparticles and copolymers is modeled with an attractive potential
between the functional end groups (Ã) and nanoparticle subunits with a tunable strength N . The rest of the copolymer chain is repelled from nanoparticles with an ϰr Ϫ12 potential. Simulations are performed with LAMMPS simulation package. 36 Masses of all beads are set to m ϭ 1, Lennard-Jones radius to ϭ 1, and interaction strengths ij ϭ ϭ 1 (cf. eqs 3 and 4). We consider a fixed number p ϭ 600 and 1000 of polymers in a cubic box of length L subject to the periodic boundary conditions. Relative nanoparticle concentration is calculated as the ratio of the nanoparticle beads to the total number of beads All runs are performed in the NVT ensemble at a reduced Lennard-Jones temperature T ϭ 1.2. 37 Depending on the parameters, simulations are carried over 10 to 20 million time steps with a step size ⌬ ϭ 0.005 ( ϭ ͌(m 2 /) being the unit of dimensionless time). Snapshots of the simulation are recorded every 10 4 time steps starting after the 5 millionth time step, which is well beyond a typical eq Ϸ 2 ϫ 10 6 time steps it took to equilibrate even the largest system sizes at highest concentrations. In order to ensure that our simulations are not locked in metastable phases but reach an equilibrium state, we have selected at random a number of points in the phase diagram and repeated simulations starting from different random initial configurations. Our confidence that these are true equilibrium structures is further enhanced by the fact that the ordered phases form within the first million time steps and stay stable for more than 50 million time steps, as confirmed by a few extremely long (ϳ10 8 time steps) test runs. The initial configurations are built in a two-step process: (1) n nanoparticles are placed at random positions and given random orientations, (2) p polymer chains are grown using selfavoiding random walkers. This scheme works well for low densities up to Ϸ0.5. Simulations at the two largest densities, 0.57296 and 0.66845, are initiated with ϭ 0.47746 initial configurations. Then, using the LAMMPS rescale command over 5 million time steps, the simulation box is gradually shrunk until the desired density is achieved. To ensure reproducibility, each run was performed from a different initial configuration. The total time required to run the simulations presented in this paper is approximately 10 CPU years on a single AMD Opteron 2.4 GHz processor.
